Summary. Finite element approximation in space and Crank-Nicolson approximation in time are used to model incompressible creeping flow of molten glass with temperature dependent viscosity. Iso-P triangle elements and second degree approximation of temperature and velocity fields are applied. Localized thermal behavior is captured with adaptively refined unstructured mesh.
Introduction
In bottle manufacturing, a gob of molten glass is formed into a parison in a plunger and mold machine. Most of the used analysis techniques are based on experimentally acquired knowledge [1] . On the other hand, mathematical modeling can prove a decisive factor in production optimization, e.g., [2, 3] . Therefore, this article reports on the study aiming at acquiring further insight into thermomechanical aspects of glass forming by means of numerically simulating the involved processes.
Physical model
Thermodynamics The glass density ρ and specific heat c p are assumed constant based on the experimental data [4] and [6], respectively. Furthermore, the concept of "effective" heat conduction [6] is used to model heat transfer within the molten glass. That is, q = −κ grad (T ), where T is the absolute temperature of the glass. Moreover, heat convection within the glass and the viscous dissipation are neglected due to the creeping nature of the glass flow. Finally, boundary heat transfer is modeled according to q · n = α T −T , where n is the unit vector normal to the boundary,T is the temperature of the boundary and α is the convection coefficient.
Fluid dynamics Based on extensive experimental data analyzed in [1] glass is modeled as an isotropic incompressible Newtonian viscous fluid. The Cauchy stress tensor T is T = −pI + 2µD , where p is the pressure, I is the unit second order tensor and D is the deviatoric part of the velocity gradient. The dynamic viscosity µ depends on the temperature according to the experimentally established Fulcher relation log µ µ 0 = −a+b 10 3 T − T 0 , where the numerical values of the constants depend on the glass composition. Furthermore, dimensions of a typical parison (length ∼ 0.1m) and duration of a typical forming cycle (time ∼ 1s) suggest that the glass flow is creeping, so inertial and convective accelerations are neglected. Nonpenetration and full slip boundary conditions are assumed along the mold and the plunger, and material surface kinematics is assumed along the free surface. Plunger kinematics is prescribed, that is, linearly diminishing plunger velocity is imposed. Finally, attention is focused on the axisymmetric problem described with reference to the cylindrical coordinates (r, z) along the unit vectors (e r , e z ), respectively.
Equations of motion
In what follows P is the interior of the computational domain, ∂P is the boundary of P , ∂P p , ∂P f , ∂P m and ∂P s are parts of ∂P corresponding to plunger, free surface, mold and symmetry axis, respectively. The glass behavior is described by the solution of ρė + div (q) = 0 @ P, t > 0,
div (v) = D · I = 0 @ P, (1b) div (T ) = 0 @ P,
satisfying the thermal initial and boundary conditions
